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A.  Statement  of  the  Problem  Studied. 

The  objectives  of  the  research  project  included  the  synthesis  and  characterization  of  novel 
surfactants  and  the  application  of  their  aqueous  aggregates.  The  novel  surfactants,  known  as  shamrock 
surfactants,  contain  a  central  headgroup  connected  to  two  flanking  headgroups  by  hydrocarbon  chains; 
they  do  not  contain  long-chain  alkyl  groups.  The  application  of  some  the  surfactants  in  the 
decontamination  of  a  mustard  simulant  was  evaluated. 

B.  Summary  of  the  Most  Important  Results. 

Results  were  obtained  in  six  studies  as  summarized  below.  All  of  the  studies  involved  novel 
surfactants  with  general  structure  1.  The  darkened  circles  represent  headgroups,  and  the  wavy  lines, 
hydrocarbon  chains.  Thus  the  surfactants  contain  two  terminal  headgroups  connected  to  a  central 
headgroup  by  hydrocarbon  chains.  For  ease  of  discussion,  we  introduced  the  term  “shamrock”  to 
describe  surfactants  belonging  to  class  1,  denoting  their  triple-headed  character  and  reflecting  the  fact 
that  shamrocks  have  leaflets  in  groups  of  three. 
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STUDY  1.  The  results  of  this  study  have  been  published.1  We  synthesized  and  characterized 
shamrock  quaternary  ammonium  surfactants  2.  Commercially-available  diamine  3  was  converted  (42%) 
into  triamine  4  by  treatment  with  Raney  nickel  in  benzene  at  reflux.  In  this  unusual  reaction,  two 
molecules  of  3  combine  to  give  4,  with  the  formal  loss  of  ammonia.  Then  the  reductive  methylation  of  4 
gave  triamine  5,  followed  by  its  methylation  with  methyl  iodide  to  give  2a  (eq  1).  Surfactant  2a  was 
converted  into  surfactant  2b  by  a  metathesis  reaction  with  silver  chloride  (eq  2). 


Me 

Me3N+(CH2)i2N+(CH2)12N+Me3 

Me  3  ^ 

2a,  X  =  I 
b,  X  =  Cl 


2  H2N(CH2)12NH2 

3 


Raney  Ni 
CeHg 


Me 

i 

Me2N(CH2)12N(CH2)12NMe2 

5 


H2N(CH2)12NH(CH2)12NH2 

4 


h2c=o 

NaBH3CN  * 
ZnCI2 

MeOH,  H20 


Mel 

MeOH 


Me 

Me3N+(CH2)i2N+(CH2)12N+Me3 
Me  3  r 

2a 


AgCI 

H20 


Me 

Me3N+(CH2)12N+(CH2)12N+Me3 
Me  3  Cl 

2b 


(1) 


(2) 


For  purposes  of  comparison  with  surfactants  2,  compound  6  was  prepared  by  the  permethylation  of 
commercially-available  7  with  methyl  iodide  (eq  3).  It  is  interesting  to  note  that  our  initial  synthesis  of 
surfactant  2a  followed  an  analogous  route,  starting  with  triamine  4,  but  the  resultant  2a  was 
contaminated  with  sodium  iodide,  which  was  difficult  to  remove  due  to  the  similar  solubilities  of  2a  and 
sodium  iodide  in  a  variety  of  solvents.  Compound  6  could  be  isolated  in  pure  form,  because  its 
solubility  characteristics  are  different  than  those  of  sodium  iodide. 
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Me 

Me3N+  (CH2  )6N+  (CH2  )6N+  Me3 

lite  3  r 

6 

Mel 

H2N(CH2)6NH(CH2)6NH2  NaHCQ  6  (3) 

7  MeOH 

In  this  study  and  those  below,  the  characterization  of  shamrock  surfactants  generally  included 
measurement  of  their  Krafft  temperatures  (rk)  and  critical  aggregation  concentrations  (cac),  as 
determined  at  23  °C  from  plots  of  surface  tension  versus  log  [surfactant].  Aggregated  surfactants  in 
water  at  23  °C  were  studied  by  ‘H  NMR  spectroscopy,  dynamic  laser  light  scattering  (DLLS,  90° 
scattering  angle),  and  phase-contrast  optical  microscopy.  Some  were  also  studied  by  cryo-etch  high 
resolution  scanning  electron  microscopy  (cryo-etch  HRSEM). 

The  Tk  value  of  surfactant  2b  is  <23  °C.  Its  cac  value  in  water  is  0.016  ±  0.001  M,  and  the  surface 
tension  of  its  aqueous  solutions  above  the  cac  is  ca.  37  mN/m.  A  'H  NMR  spectrum  of  2b  (0.050  M)  in 
D20  contained  broadened  signals,  consistent  with  aggregates  larger  than  micelles.  Since  concentrations 
of  up  to  1.0  M  6  did  not  lower  the  surface  tension  of  water,  suggesting  its  lack  of  aggregation,  6  was  not 
characterized  further.  By  DLLS,  aggregates  of  2b  (0.026  M)  in  water  have  a  hydrodynamic  diameter  of 
625  ±  5  nm.  This  size  is  significantly  greater  than  those  of  micelles,  consistent  with  the  ]H  NMR  above 
results,  and  is  in  the  size  range  of  large  bilayer  vesicles.  But  the  morphology  of  these  aggregates  is 
unknown  and  not  readily  predicted.  The  structural  character  of  shamrock  surfactants,  i.e.,  three 
headgroups  connected  by  two  hydrocarbon  chains,  is  not  accommodated  by  recognized  correlations 
between  surfactant  structure  and  aggregate  morphology. 

The  hydration  of  surfactants  2  in  water,  as  followed  by  phase-contrast  optical  microscopy,  gave 
coacervate  droplets  from  2a,  with  and  without  the  addition  of  two  molar  equivalents  of  sodium  iodide, 
and  from  2b,  with  the  addition  of  three  molar  equivalents  of  sodium  chloride.  Coacervates  are  isotropic 
colloidal  solutions  immiscible  with  their  own  solvent  (generally  water),  and  can  be  formed  from  a  single 
surfactant,  or,  much  more  commonly,  from  multiple  solutes  and  water. 

Aqueous  0.052  M  (3.3  wt  %)  2b  was  studied  by  cryo-etch  HRSEM.  Micrographs  showed  cells 
featuring  a  complex  matrix  between  walls,  which  are  in  part  composed  of  10-30  nm  aggregates.  The 
origin  of  the  observed  morphologies  is  unclear.  One  possibility  is  that  they  correspond  to 
submicroscopic  networks  of  aggregated  2b  that  exist  before  plunge-freezing.  But  this  is  unlikely, 
especially  for  the  cell  walls,  given  the  results  of  a  cryo-etch  HRSEM  study^of  aqueous  sodium  chloride 
and  other  inorganic  salts.  Accordingly,  the  morphologies  observed  for  2b,  and  for  the  other  shamrock 
surfactants  reported  below,  reflect  characteristic  segregation  patterns  formed  by  the  surfactants  during 
the  freezing  process  and/or  as  ice  was  sublimed  away  during  the  cryo-etch  process. 

STUDY  2.  The  results  of  this  study  have  been  published.1  We  synthesized  and  characterized 
shamrock  surfactants  8.  Note  that  they  contain  a  central  dithiophosphate  headgroup  separated  from  two 
flanking  quaternary  ammonium  headgroups  by  two  ten-carbon  methylene  chains.  Surfactants  8  were 
synthesized  in  four  steps  (eq  4),  starting  with  the  conversion  of  commercially-available  diol  9  into 
bromo  alcohol  10.  The  nucleophilic  substitution  reaction  of  tertiary  amine  R3N  (R  =  Pr,  Bu)  with  10 
gave  surfactant  11,  which  was  converted  into  compound  12  by  reaction  with  phosphorus  pentasulfide. 
Then  a  dichloromethane  solution  of  12  was  washed  with  water  to  give  8.  In  this  process,  the 
dithiophosphoric  acid  unit  of  12  ionizes,  with  the  net  loss  of  hydrogen  bromide. 
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Vs" 

R3N+(CH2)10O/  NO(CH2)10N+R3 


8a,  R  =  Pr 
b,  R  =  Bu 


HO(CH2)10OH  - -  Br(CH2)10OH  >  R3N+(CH2)10OH  B r 

9  C6H6  io  MeOH  11a,  R  =  Pr 

b,  R  =  Bu 


B4B10 

svsh 

R3N+(CH2)10O//  NO(CH2)10N+R3 

cs2,ch2ci2 

12  2  Br 

h2o 

V 

R3N+(CH2)10O/  NO(CH2)10N+R3 

ch2ci2 

8a,  R  =  Pr  Br 

b,  R  =  Bu 

(4) 


The  Tk  values  of  surfactants  8  are  <23  °C.  The  cac  values  of  8a  and  8b  in  water  are  0.028  ±  0.001 
and  0.0064  ±  0.0006  M,  respectively,  and  the  surface  tensions  of  their  aqueous  solutions  above  their  cac 
values  are  ca.  42  mN/m.  The  *H  NMR  spectra  of  8a  (0.042  M)  and  8b  (0.0096  M)  in  D20  contained 
broadened  signals,  consistent  with  aggregates  larger  than  micelles.  By  DLLS,  aggregates  of  8a  (0.042 
M)  and  8b  (0.0096  M)  in  water  have  hydrodynamic  diameters  of  168  ±  1  and  227  ±  4  nm,  respectively. 
The  hydration  of  surfactants  8  in  water,  as  followed  by  phase-contrast  optical  microscopy,  gave 
coacervate  droplets. 

The  efficacy  of  aqueous  aggregated  8a  and  8b  in  the  decontamination  of  mustard  simulant  13  was 
evaluated.  The  reaction  of  8  with  13  to  give  14  corresponds  to  the  decontamination  of  13  (eq  5).  In  this 
reaction,  the  nucleophilic  dithiophosphate  headgroup  of  8  most  likely  captures  episulfonium  ion  15, 
formed  by  ionization  of  13.  Since  our  results  indicated  that  surfactants  8  are  no  more  effective  than  the 
parent  dithiophosphate  surfactant  16  in  decontaminating  13, 3  we  did  not  pursue  this  study. 


S  s-  S  SCH2CH2C6H5 

/P\  D20  /P\ 

R3N+(CH2)10O  O(CH2)10N+R3  +  C6H5SCH2CH2CI  - -  R3N+(CH2)10O  O(CH2)10N+R3 

8a,  R  =  Pr  Br  13  14a,  R  =  Pr  2  x” 


b,  R  =  Bu 


c6h5 

I 

s+ 

h2c-ch2 

15 


b,  R  =  Bu 

%/S"K+ 

MefCHglnC/  ^(CH^Me 

16 


(5) 


STUDY  3.  The  results  of  this  study  have  been  published.4  We  synthesized  and  characterized 
shamrock  surfactants  17  and  18.  The  former  surfactant  contains  a  central  phosphorodithioate  headgroup 
and  the  latter,  a  central  quaternary  ammonium  headgroup.  Both  surfactants  contain  terminal  carboxylate 
headgroups. 


Vs' 

0/  SsO(CH2)1 1C02“ 


17  3  K+ 


Me 

-02C(CH2)1 ,  N+(CH2)1 1 C02- 

Me  Na+ 

18 
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Surfactant  17  was  synthesized  in  three  steps  (eq  6),  starting  with  the  conversion  of  commercially- 
available  co-hydroxy  carboxylic  acid  19  into  its  methyl  ester  20.  Then  the  reaction  of  20  with 
phosphorus  pentasulfide  gave  compound  21,  which  was  converted  into  17  by  neutralization  of  its 
phosphorodithioic  acid  group  and  saponification  of  its  ester  groups  with  potassium  hydroxide. 

HCI  P4S10 

HOoCKCHo^OH  --  -  -  Me02C(CHo)110H  - - ► 

*  Me0H  '  CS2lCH2CI2 

19  -20  (6) 


VSH 

KOH 

Vs" 

/p\ 

MeOgCtCH^O  0(CH2)11C02Me 

MeOH,  H20r 

/p\ 

"OsClCHsluO  OtCHgJuCOg- 

21 

17  3  K+ 

Surfactant  18  was  prepared  by  the  addition  of  four  molar  equivalents  of  sodium  hydroxide  to  an 
aqueous  dispersion  of  surfactant  22  (eq  7),  and  it  was  characterized  as  the  resultant  mixture  with  one- 
half  molar  equivalent  each  of  sodium  chloride  and  sodium  hydroxide. 


Me 

i 


HOaClCHaluN^CHsluCOj 

Me 

22 


HCI 


J2 


4  NaOH 
H20 


Me 

2  02C(CH2)i  1  N+(CH2)1 1C02  (7) 

Me  Na+ 

18  +  NaCI  +  NaOH 


The  synthesis  of  22  (eq  8)  started  with  the  oxidation  of  a>-hydroxy  carboxylate  ester  23  to  give  w-oxo 
carboxylate  ester  24;  compound  23  was  obtained  by  the  esterification  of  19  with  ethanol.  Then  the 
reductive  alkylation  of  co-amino  carboxylate  ester  26,  prepared  from  commercially-available  to-amino 
carboxylic  acid  25,  with  24  gave  amino  diester  27.  Quaternization  of  27  with  methyl  iodide  gave  28, 
which  was  converted  into  29  by  a  metathesis  reaction  with  silver  chloride.  Then  the  hydrolysis  of  29’ s 
ester  groups  gave  22. 


AgCI 

h2o 


EtO2C(CH2)10CH2OH 

23 

H02C(CH2)11NH2 

25 

1 .  NaBH3CN 
HCI,  EtOH 


PCC 


CH2CI2 

HCI 

EtOH 


-  EtO2C(CH2)10CHO 

24 

Et02C(CH2)1-|NH2 

26 


24  +  26 


2.  KOH,  H20 

1.  Mel,  EtN(/-Pr)2 

2.  K2C03,  H20 


Me 

28 


|- 


V*  HC, 

Et02C(CH2)„N*(CH2),,C02Et  — - . 

a1  _  ri2U 

29 


Me 

i 


(8) 


-  Et02C(CH2)i  i  NH(CH2)1 1C02Et 

27 

Me 

Et02C(CH2)i !  ^(CHg)! !  C02Et 


H02C(CH2)1 ,  N+(CH2)11C02- 
Me 

22 


•HCI 

2 


The  synthesis  of  surfactant  22  was  included  in  the  Progress  Report  for  August  1,  2004  to  July  31, 
2005,  but  its  structure  was  incorrectly  shown  there  as  cationic  surfactant  30a.  The  correct  composition 
of  22  as  shown  above  corresponds  to  a  1:1  mixture  of  30a  and  zwitterionic  30b. 
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Me  Me 

H02C(CH2)1 !  N+(CH2)11C02H  H02C(CH2)i  i  N^CH^  1C02~ 

Me  Cl  Me 

30a  30b 

As  noted  above,  surfactant  18  was  obtained  and  characterized  as  a  mixture  with  one-half  molar 
equivalent  each  of  sodium  chloride  and  sodium  hydroxide.  The  7V  values  of  surfactants  17  and  18  are 
<23  °C.  The  cac  values  of  17  and  18  in  water  are  (7.7  ±  0.4)  x  10~3  and  (6.2  ±  0.1)  x  1CT3  M, 
respectively,  and  the  surface  tensions  of  aqueous  solutions  above  their  cac  values  are  ca.  41  and  ca.  36 
mN/m,  respectively.  The  'H  and  3IP  NMR  spectra  of  17  and  the  'H  NMR  spectrum  of  18  were  recorded 
in  D20  ([surfactant]  =  2.5  its  cac  value).  The  'H  NMR  spectra  of  17  and  18  contained  sharp,  high- 
resolution  signals,  and  the  31P  NMR  spectrum  of  17  contained  one  sharp  signal.  These  results  are 
consistent  with  the  presence  of  small  aggregates  such  as  micelles  or  small  vesicles.  By  DLLS,  the 
aggregates  of  17  and  18  in  water  ([surfactant]  =  2.5  times  its  cac  value)  have  hydrodynamic  diameters  of 
123  ±  9  nm  and  88  ±  5  nm,  respectively.  These  aggregates  are  significantly  larger  than  micelles,  and 
somewhat  larger  than  small  vesicles,  but  the  morphology  of  these  aggregates  is  unknown.  The 
undisturbed  hydration  of  17  and  18  in  water,  as  followed  by  phase-contrast  optical  microscopy,  gave 
coacervate  droplets. 

The  efficacy  of  aqueous  aggregated  surfactant  17  in  the  decontamination  of  mustard  simulant  13  was 
evaluated.  The  reaction  of  17  with  13  to  give  31  (eq  9)  corresponds  to  the  decontamination  of  13.  In 
this  reaction,  the  nucleophilic  dithiophosphate  headgroup  of  17  most  likely  captures  episulfonium  ion 
15.  In  Study  2,  we  noted  that  shamrock  surfactants  8  are  no  more  effective  than  the  parent 
dithiophosphate  surfactant  16  in  decontaminating  13.  Since  we  found  that  17  is  no  better  than  both  8 
and  16  in  decontaminating  13,  we  did  not  pursue  this  investigation  further.  We  had  thought  that 
aggregated  17  would  be  more  effective  than  8  and  16,  given  the  negative  charge  of  the  interfacial  region 
of  17’s  aggregates,  which  might  stabilize  the  transition  state  leading  to  the  formation  of  positively- 
charged  15  from  13  solubilized  within  the  water-aggregate  interface. 

S  s-  S  SCH2CH2C6H5 

X  D20  /P\ 

-OaCICH^nO  CKCH^nCXV  +  C6H5SCH2CH2CI  — — -  -02C(CH2)n0  OICH^CCV  (9) 

17  3  K+  13  31  2  K+ 

%/S~  X/S  K+ 

R3N+(CH2)10O/  NO(CH2)10N+R3  Me(CH2)110/  \>(CH2)11Me 

8a,  R  =  Pr  Br  16 

b,  R  =  Bu 

STUDY  4.  The  results  of  this  study  have  been  published.5  We  synthesized  and  characterized 
shamrock  surfactants  32  and  33,  which  are  higher  homologs  of  surfactants  2  (see  Study  1). 

Me  Me  Me 

Me3N+(CH2)14N+(CH2)14N+Me3  Me3N+(CH2)16N+(CH2)16N+Me3  Me3N+(CH2)12N+(CH2)12N+Me3 

Me  3  X  Me  3  X  Me  3  X~ 

32a,  X  =  I  33a,  X  =  I  2a,  X  =  I 

b,  X  =  Cl  b,  X  =  Cl  b,  X  =  Cl 

Surfactants  32  were  prepared  as  shown  (eq  10),  starting  with  the  conversion  of  commercially- 
available  1,12-dibromododecane  (34)  into  dinitrile  35.  Then  the  reduction  and  hydrolysis  of  35  gave 
diamine  36  and  dicarboxylic  acid  37,  respectively.  The  reduction  of  37  yielded  diol  38,  which  was 
converted  into  bromo  alcohol  39.  The  nucleophilic  displacement  of  bromide  ion  from  39  by  azide  ion 
gave  azido  alcohol  40,  which  was  oxidized  to  give  azido  aldehyde  41.  The  reductive  alkylation  of  36 


c6h5 

I 

,S* 

h2c-ch2 

15 
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with  41  yielded  azido  diamine  42,  which  was  reduced  to  give  triamine  43.  Reductive  methylation  of  43 
with  formaldehyde  gave  triamine  44,  which  was  converted  into  surfactant  32a  by  quaternization  with 
methyl  iodide.  The  iodide  counterion  of  32a  was  exchanged  for  chloride  to  give  32b. 


Br(CH2)12Br 

34 


NaCN 

DMSO 


NC(CH2)12CN 

35 


1.  LiAIH4,  Et2Q 

2.  NaOH,  H20 


H2N(CH2)14NH2 

36 


NC(CH2)12CN 

35 


HCI 

H^O 


H02C(CH2)12C02H 

37 


1.  UAIH4,  THF 

2.  HCI,  H20 


HO(CH2)14OH 

38 

PCC 

ch2ci2 


48%  HBr 
CgHg 


Br(CH2)14OH 

39 


N3(CH2)13CHO 

41 


NaN3 

DMF 


N3(CH2)14OH 

40 


(10) 


HS(CH2)3SH 
Et3N,  MeOH 


Mel 

MeOH 


36  +  41 


1 .  NaBH3CN 
HCI,  MeOH 


2.  KOH,  H20 

H2N(CH2)14NH(CH2)14NH2 

43 


H2N(CH2)14NH(CH2)14N3 

42 


HCHO 


Me 

1 


NaBH3CN,  ZnCI2 
MeOH 


Me2N(CH2)14N(CH2)14NMe2 

44 


Me  .  Me 

1  AqCI  1 

Me3N+(CH2)14N+(CH2)14N+Me3  ~  ^  Me3N+(CH2)14N+(CH2)14N+Me3 
1  o  1-  H2U  1  n 

Me  3 1  Me  3  Cl 

32a  32b 


Surfactants  33  were  prepared  as  shown  (eq  11),  starting  with  the  conversion  of  diol  38  from  above 
into  ditosylate  45.  The  nucleophilic  displacement  of  45’s  tosylate  groups  by  cyanide  ion  gave  dinitrile 
46.  From  dinitrile  46,  the  path  to  surfactants  33  through  compounds  47-55  was  analogous  to  that  used  to 
convert  homologous  dinitrile  35  into  surfactants  32. 


HO(CH2)14OH 

38 


p-TosCI 


NC(CH2)14CN 

46 


pyridine 

1 .  LiAIH4,  Et20 


p-TosO(CH2)14OTos-p 

45 


KCN 


18-crown-6 

MeCN 


2.  NaOH,  H20 


NC(CH2)14CN 

46 

HO(CH2)16OH 

49 

PCC 


HCI 


H2N(CH2)16NH2 

47 

1.  LiAIH4,  THF 


(11) 


H20 

48%  HBr 
C6H6 


H02C(CH2)14C02H 

48  2.  HCI,  H20 


Br(CH2)16OH 

50 


NaN3 

DMF 


N3(CH2)16OH 

51 


ch2ci2 


N3(CH2)15CHO 

52 
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1 .  NaBHgCN 

47  +  52  - HCI,  MeOH  ^  H2N(Ch2)i6Nh(CH2)16N3 

2.  KOH,  H20  53 


HS(CH2)3SH 
Et3N,  MeOH 


HCHO 

H2N(CH2)16NH(CH2)16NH2  NaBH3cN  ZnCI2 
54  MeOH 


Me 

i 

Me2N(CH2)i6N(CH2)16NMe2 

55 


Mel 

MeOH 


Me  .  Me 

i  AqCI  1 

Me3N+(CH2)16N+(CH2)i6N+Me3  Me3N+(CH2)16N+(CH2)16N+Me3 

Me  3 1-  2  Me  3  Cl 

33a  33b 


The  above  synthetic  routes  to  surfactants  32  (C14  homolog)  and  33  (Cl 6)  were  considerably  longer 
than  that  to  surfactants  2  (C12),  even  though  all  three  routes  use  the  same  reactions  for  the  conversion  of 
an  intermediate  triamine  (43,  54,  and  4)  into  the  final  products.  The  difference  in  length  involves  the 
synthesis  of  the  triamine.  As  noted  in  Study  1,  triamine  4  was  prepared  in  one  step  by  Raney  nickel- 
catalyzed  dimerization  of  commerciaily-available  diamine  3,  with  the  formal  loss  of  ammonia.  Since 
the  analogous  dimerization  of  36  to  43  did  not  work,  the  lengthy  conversions  of  36  to  43  (eq  10),  and  of 
47  to  54  (eq  11)  were  necessary. 

Raney  Ni 

2  H2N(CH2)12NH2  — — t - -  H2N(CH2)i2NH(CH2)12NH2 

„  C6H6 


The  Tk  values  of  surfactants  32b  and  33b  are  ^23  °C.  Their  cac  values  in  water  are  (7.2  ±  0.1)  x  10'3 
and  (1.8  ±  0.1)  x  10~3  M,  respectively.  The  ‘H  NMR  spectra  of  32b  and  33b  in  D20  ([surfactant]  =  2.5- 
2.7  times  its  cac  value)  contained  sharp  or  moderately  broadened  signals.  These  results  are  consistent 
with  the  presence  of  small  aggregates  such  as  micelles  or  small  vesicles.  By  DLLS,  the  hydrodynamic 
diameters  of  aggregates  of  32b  and  33b  in  water  ([surfactant]  =  2.5-2.1  times  its  cac  value)  are  1 14  ±  9 
and  196  ±  6  nm,  respectively.  The  aggregates  are  significantly  larger  than  micelles,  and  somewhat 
larger  than  small  vesicles,  but  the  morphology  of  these  aggregates  is  unknown  and  not  readily  predicted. 
The  undisturbed  hydration  of  surfactants  14b  and  15b  in  water,  each  with  three  molar  equivalents  of 
added  NaCl,  gave  coacervate  droplets,  as  followed  by  phase-contrast  optical  microscopy. 

Aqueous  0.052  M  (3.3  wt  %)  32b  and  0.053  M  (3.6  wt  %)  33b  were  studied  by  cryo-etch  HRSEM. 
Irregularly-shaped  and  oriented  walls/ribbons  connecting  to  form  open  compartments  were  observed  for 
both  32b  and  33b.  These  morphologies  are  similar,  but  not  identical  to  those  observed  for  2b,  the  C 12 
homolog  of  32b  and  33b  (Studyl). 


Me 

Me3N+(CH2)12N+(CH2)12N+Me3 
Me  3  Cl 

2b 

STUDY  5.  The  results  of  this  study  have  been  published.5  We  synthesized  and  characterized 
shamrock  surfactant  56.  It  contains  a  central  quaternary  ammonium  headgroup  and  flanking  carboxylate 
headgroups.  Surfactant  56  is  derived  from  surfactant  18.  On  going  from  18  to  56,  the  former’s 
carboxylate  groups  have  been  converted  into  amide  groups  with  glycine. 
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O  Me  ° 

II  I  II 

-02CCH2NHC(CH2)n  N+(CH2)11CNHCH2C02- 
Me  Na+ 


56 


The  synthesis  of  surfactant  56  (eq  12)  started  with  the  reaction  of  surfactant  22  with  glycine  ethyl 
ester  hydrochloride  (57)  to  give  surfactant  58.  Then  the  saponification  of  58’ s  ester  groups  gave 
zwitterionic  surfactant  59,  followed  by  its  reaction  with  two  equivalent  of  sodium  hydroxide  to  give  56 
as  a  mixture  with  one  molar  equivalent  of  sodium  hydroxide. 


Me 

i 


HO^CH^nN^CH^CCV 

Me 

22 


HCI  +  HCI-NH2CH2C02C2H5 

57 


J2 


EDCI 

HOBT 

Et3N 

DMF 


(12) 


O  Me  O  I.NaOH 

II  I  II  EtOH,  H20 

Et02CCH2NHC(CH2)1 ,  N^CH^  1CNHCH2C02Et  ■  -  —  -  ^  - 

Me  cr  ’  2 


O 


Me  9  „  . ,  .  V  Me 

ii  i  II  2  NaOH  II  i  ii 

H02CCH2NHC(CH2)1 , N^CHg)! ^NHCH^O^  _  ►  -O^CHgNHCCCHg), t N+(CH2)1  ^NHCHaCOg- 

i  n20  i 

Me  Me 


58 


O 


O 


59 


EDCI  =  Me2NCH2CH2CH2N=C=NEt  •  HCI 


HOBT  = 


56 


'N 

N 

OH 


As  noted  above,  surfactant  56  was  characterized  as  a  mixture  with  one  molar  equivalent  of  sodium 
hydroxide.  The  Tk  value  of  56  is  <23  °C,  and  its  cac  in  water  is  6.7  ±0.1  x  10~3  M.  The  ]H  NMR 
spectrum  of  surfactant  56  in  DzO  ([surfactant]  =  2.5-2.1  times  its  cac  value)  contained  sharp  or 
moderately  broadened  signals.  These  results  are  consistent  with  the  presence  of  small  aggregates  such 
as  micelles  or  small  vesicles.  By  DLLS,  the  hydrodynamic  diameter  of  aggregates  of  surfactant  56  in 
water  ( 2.5-2.1  times  its  cac  value)  is  257  ±  5  nm,  suggesting  that  the  aggregates  are  significantly  larger 
than  micelles  and  somewhat  larger  than  small  vesicles.  The  undisturbed  hydration  of  56  in  water, 
followed  by  phase-contrast  optical  microscopy,  gave  coacervate  droplets. 

STUDY  6.  The  results  of  this  study  have  been  published.5  Shamrock  surfactants  60  and  61  were 
synthesized  and  characterized.  Surfactant  60  contains  a  central  quaternary  ammonium  headgroup  and 
flanking  phosphate  headgroups.  Note  that  on  going  from  60  to  surfactant  61,  the  positions  of  the 
headgroups  are  switched. 


U  Me  u 

II  I  II 

-OPO(CH2)12N+(CH2)12OPO- 
i  i  l 

OH  Me  O- 

2  Na+ 


v 

Me3N+(CH2)120/  N0(CH2)12N+Me3 

B  r 


60 


61 
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The  synthesis  of  surfactant  60  (eq  13)  started  with  the  conversion  of  diol  62  into  bromo  alcohol  63. 
Then  the  reaction  of  63  with  excess  dimethylamine  gave  amino  alcohol  64.  The  SN2  reaction  of  63  and 
64  yielded  surfactant  65,  which  was  converted  into  zwitterionic  surfactant  66  by  reaction  with 
pyrophosphoric  acid.  Then  66  gave  shamrock  surfactant  60  upon  reaction  with  two  equivalents  of 
sodium  hydroxide. 


HO(CH2)12OH 

62 


48%  HBr 
H2Q 

CeHg 


HO(CH2)12Br 


63 


1.  HNMe2 
EtOH 

2.  K2C03,  H20 


63  +  64 


EtOH 


Me 

i 


HO(CH2)12N+(CH2)12OH 
Br 


66 


Me 

65 

2  NaOH 
HoO 


H4P2O7 

C6H6 


HO(CH2)12NMe2 

64 


Me 

1 


(13) 


HOPO(CH2)12N+(CH2)12OPO 


o 


Me 

1 


I 

OH 


O 


Me 


I 

OH 


66 


-OPO(CH2)12N+(CH2)12OPO- 


OH 


Me 


60 


o- 

2  Na+ 


The  synthesis  of  shamrock  surfactant  61  (eq  14)  involved  the  reaction  of  bromo  alcohol  63  with 
phosphorus  oxychloride  to  give  diester  phosphoric  acid  67,  which  was  converted  into  61  by 
quaternization  with  trimethylamine. 


HO(CH2)12Br 

63 


POCI3 

c6h6“ 


V0H 

Br(CH2)120/  \)(CH2)12Br 

67 


Me3N 

EtOH 


°v°" 

Me3N+(CH2)12(/  N0(CH2)12N+Me3 


61 


B  r 


(14) 


The  Tk  values  of  surfactants  60  and  61  are  <23  °C.  Their  cac  values  in  water  are  (3.4  ±  0.2)  x  10“3 
and  (1.2  ±  0.1)  x  10“3  M,  respectively.  The  ’H  NMR  spectrum  of  60  and  the  'H  and  3IP  NMR  spectra  of 
61  were  recorded  in  DzO  ([surfactant]  =  2.5-2.1  times  its  cac  value).  The  3H  NMR  spectra  contained 
sharp  or  moderately  broadened  signals,  and  the  31P  NMR  spectrum  contained  one  sharp  signal.  These 
results  are  consistent  with  the  presence  of  small  aggregates  such  as  micelles  or  small  vesicles. 

By  DLLS,  the  hydrodynamic  diameters  of  the  aggregates  of  60  and  61  in  water  ([surfactant]  =  2.5- 
2.7  times  its  cac  value)  are  242  ±  1 1  and  278  ±  2  nm,  respectively.  These  aggregates  are  significantly 
larger  than  micelles,  and  somewhat  larger  than  small  vesicles,  but  the  their  morphology  is  unknown. 

The  undisturbed  hydration  of  surfactants  60  and  61  in  water,  followed  by  phase-contrast  optical 
microscopy,  gave  coacervate  droplets. 

Coacervate  droplets  were  observed  in  the  hydration  of  shamrock  surfactants  in  each  of  the  above 
studies.  Perhaps  the  structural  character  of  shamrock  surfactants,  with  three  headgroups  separated  by 
two  hydrocarbon  chains,  is  favorable  for  the  formation  of  coacervates.  One  headgroup  of  general 
structure  1  can  reside  at  one  of  the  water-surfactant  interfaces  of  a  coacervate  membrane,  while  the  other 
two  can  reside  at  the  other,  as  shown  below. 
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